The small width and the high density contrast of the observed outer rings around SN 1987A pose an outstanding problem not explainable by standard models of blue and red supergiant wind interaction. We propose a resolution of this 'mystery' by a new model for the formation of the outer rings in which the ionization and heating of the originally cool red supergiant wind induce hydrodynamic motions that naturally lead to ring formation. The model allows one to estimate an evolutionary age of order 15 000 yr after ionization for the present ring system, and indicates a modest density variation between pole and equator in the original red supergiant wind. A similar physical model may be relevant to planetary nebulae.
INTRODUCTION
The nebulosity around SN 1987A has been resolved with increasing clarity by a sequence of images from groundbased telescopes and the Hubble Space Telescope (Crotts, Kinkel & McCarthy 1989; Wampler et al. 1990; Plait et al. 1995; Burrows et al. 1995) . It shows the remarkable triple ring system: a central inner ring is superimposed in projection on two parallel outer rings which are symmetrically displaced along a common axis that joins their three centres, approximately passes through the supernova orthogonally to the three planes and is viewed at an inclination of 45 0 (Burrows et al. 1995; Meaburn, Bryce & Holloway 1995) . The standard interpretation (Kahn & West 1989; Wampler et al. 1990; Luo & McCray 1991; Wang & Mazzali 1992; Blondin & Lundquist 1993; Martin & Arnett 1995) , as an interaction of a blue supergiant wind with the red supergiant wind from a previous evolutionary phase with a higher density in the equatorial than in the polar direction, fails by an order of magnitude (Burrows et al. 1995) to explain the small width and high density contrast of the observed outer rings. We present a new model (Stockman 1995) for t~e formation of these outer rings in which the heating of the originally cool red supergiant wind by ionization in the subsequent blue supergiant phase induces hydrodynamic motions that naturally lead to ring formation.
SPHERICALLY SYMMETRIC MODELS
The progenitor star of SN 1987A, Sk-69202, was a blue supergiant (BSG) (Gilmozzi et al. 1987 ) with an estimated ©1997RAS surface temperature of 10 4 . 2 K and a 'luminosity of 1.3 x lOS La (Langer 1991) . This provides a flux of S = 10 46 . 2 ionizing photons per second. Such a flux ionizes the red supergiant (RSG) wind from a preceding evolutionary phase and reaches the estim.ated present distance r= 10 18 . 3 cm of the outer rings after about 1200 yr (standard mass-loss rate M R =1O-s Ma yr-I and velocity v R =1O km S-I assumed).
The innermost 10 17 em of the RSG wind would prevent ionization of the outer regions by efficient recombination. A similar blocking can occur by the accumulated layer of compressed RSG wind pushed from behind by an expanding BSG wind region. We here assume that the RSG wind has been ionized, and neglect the interior volume occupied by the BSG wind gas. In Section 4 we discuss the limits that the proposed model of undisturbed outer ring formation puts on the unknown parameters of a BSG wind.
The further evolution of the RSG wind is that of an isothermal gas under acceleration by pressure gradients that result from the original density gradients by heating. With (Landau & Lifshitz 1959; Sommerfeld 1964) , of motion and conservation of mass together with the boundary conditions V-+VR' r2p-+MR/41tVR for r-+ 00 and v=O at r=O. There is a unique solution for each value of the parameter vR/V,. Fig.  1 shows the solution for T= 11 000 K and V R = 10 km S-I. The (isothermal) shock at ~ =3.2 separates a 'supersonic' branch that asymptotically approaches the undisturbed wind from a 'subsonic' branch filling the inner region. This shock pattern propagates radially outward with speed ~V.=37.9 km S-I and reaches the present distance of the outer rings 15 000 yr after onset of ionization. The velocity of the shocked gas is v = 29.4 km s -I outwards. This must be compared with spectroscopically inferred velocities of up to V, respectively (V, is the isothermal sound velocity). The peak particle density is 60M -5/V6 cm-3 atr,h = 10 18 em and scales proportionru to 1/'~ (M -5 and V6 are the mass-loss rate and undisturbed flow velocity in units of 10-5 M0 yr-l and 10 km s-l, respectively). This shell of high density moves outward with time as ',h = 3.2y't.
25 km S-I (Meaburn et al.1995) . This age estimate depends on the assumed terminal wind speed VR • We note that it differs from the value one would obtain using the velocities of the gas instead of that of the shock pattern. The steep density peak behind the shock reaches
where (M) -5 is the RSG wind mass-loss rate in units of 10-5 Mo yr-I, (V R )6 is its velocity in units of 10 km S-I apd r l8 is the distance in units of 10 18 cm. This remarkable structure has developed from the internal dynamics of the ionized RSG wind and is not caused by a piston pushing from inside (e.g. a blue supergiant wind).
DECLINATION·DEPENDENT DENSITY PROFILE
The thin and dense shell discussed above would still not suffice to explain the observed ring structure. If, however, the RSG wind has a higher density in the equatorial than in the polar direction, a lateral pressure gradient arises on ionization and pushes the gas poleward. In a similar way to the case of radial gradients, the motion can non-linearly steepen up to high-density peaks at intermediate declina-'tion 3-. Again there is a unique similarity solution for each given density profile p=poo(3-)/r 2 in the undisturbed wind. The density and the radial and lateral velocities become functions of ~ and 3-,
and the time-dependent equations of motion and continuity reduce to partial differential equations in ~ and 3-alone. Fig.   2 gives such a solution. It shows how at a given radius the density builds up in time to a high ring-shaped peak, here at opening angle 3-~ 40°. (This angle depends on the position of maximum curvature in the original density distribution for t = 0.) The solution was obtained by developing it in inverse powers of ~ up to third order. The solution also incorporates a variation of the undisturbed wind velocity: it is higher by a factor of 2 at the pole than at the equator. The original density contrast of 4 leads to the steep and high peak of density:
(MR)_5
-3 np= -2--cm,
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which yields np = 250 cm -3 at the present distance of the outer rings. With an estimated depth Ar of r/20, the radial column density becomes high enough to shield the gas completely from the ionizing radiation. This happens above a critical density ne of [S/(41tr2ArIX)]lfl
where S462 is the ionizing photon flux in units of lQ46 2 S-I and the recombination coefficient to all states except the Formation of a ring of high density contrast in the red supergiant wind after ionization and heating. The original distribution (time t=O) has a factor of 4 higher density at the equator than at the pole. The lateral pressure gradients sweep matter up at declination 3=40 0 (the position depends on the maximum curvature of the original distribution). Singularity is prevented by shock formation (not shown) behind which the density decreases again inwards, similarly to Fig. 1 . This ring pattern of high density and narrow extent propagates with 2.5V, along the conical surface 3= 3max = 40 0 • Units of time and particle density are rIV, and 44M _S/u.rI8 cm -3, respectively, with r18 the radius in units of 10 18 cm. This solution also incorporates a declination-dependent radial velocity in the undisturbed wind with u, (3 = 90 0 ) = (l/2)u,(3=0). There are corresponding solutions for any initial density and radial velocity distribution over 3.
ground state IX= 10-12 . 6 em 3 S-1 (Allen 1963 ) is used. Thus the gas in the ring will recombine and coolon a time-scale tc = 11( IXnp) = 500 yr. This is short enough compared with the time that matter remains within the high-density region, estimated as being of the order of several thousand years. Thus we indeed obtain the result that the gas in the rings was not ionized before the supernova occurred. This was postulated by Burrows et al. (1995) , who explained the incomplete ring structure of the early observations as due to the fact that the supernova light had not yet reached all parts of the ring system.
LIMITS ON THE BSG WIND
An undisturbed evolution of the RSG wind sets limits on the strength of an interior BSG wind.
Evolutionary models indicate a time of 10000 yr for the RSG-BSG transition phase (Langer 1991; Martin & Arnett 1995) . By this time the RSG wind would have receded to r= 1017.5 cm, when the BSG wind and ionization started. In The outer rings of SN 1987A L13 wind speed of the BSG, and the small fraction of the volume (3VJVB)3/2 ~ 1/16 of the free-streaming BSG wind before (reverse) shock encounter is neglected. Numerical values are for standard parameters given below.
The pressure equilibrium between the inside P B and the outside thermal and ram pressures yields
where QA denotes quantities Q in units of lOA cgs-units or Mo yr-t, For standard values (these quantities set equal to one) and V.lvR as in Section 2, this gives vi =24 km S-I. A region moving with that speed would occupy 114 of the volume behind the shock discussed in Section 2, and marginally be negligible. For the same parameters, the ionizing radiation penetrates the layer of compressed RSG wind gas in front of the interface: its density n =PB/(mv;,) (where m is the mean atomic mass) and accumulated thickness inserted into the condition 4rcr 2 dm 2 < S yield
for the distance ri of this interface when ionizing radiation is able to pass. In the case where the BSG wind had started immediately on termination of the RSG wind, the expansion of the interface into the now cool (V. ~ 0) RSG wind is faster, Vi =27.3 km s-t, ric becomes ~ 13 per cent smaller and is reached after 8000 yr when ionization of the RSG wind starts, and the expansion speed settles down to the former values. We finally note that the BSG wind expansion can be incorporated into the spherically symmetric model by a change in the inner boundary condition.
An inhomogeneity of the RSG wind evolving to high density contrast must affect such estimates. As they are, they indicate a mass-loss rate of MB:S; 10-7 Mo yr-1 for the BSG progenitor of SN 1987A if its wind speed was around 500 km S-I. Such values have also recently been postulated by Chevalier & Dwarkadas (199'5) in their modelling of the inner ring region of SN 1987A, although details ofthe two models still differ.
-
DISCUSSION
This model frees the outer rings from their connection to the interior interaction region of the red and blue supergiant winds. We note that now the blue supergiant wind blows into a highly structured red wind relic. This may allow room to interpret the weak extended emission interior to the outer rings (Burrows et al. 1995) . Finally, it should be pointed out that planetary nebulae might develop much the same structure under ionization by their smaller but significantly hotter central stars.
We have not described the inner parts of the solution after the high-density ring has formed. The spherically symmetric solution shows how re-expansion into the inner region occurs. The anisotropy in the S-direction imposes additional structure on this re-expansion. When no internal wind interferes, this might lead to reflections of the propagating patterns at the polar axis and the equatorial plane, forming multiple rings as seen in some planetary nebulae, or even criss-crossing structures in cases of imperfect symmetry. The observed imperfect alignment of the outer rings in SN 1987A also raises interesting questions as to the cause of this special asymmetry in the red supergiant wind.
We have shown that the internal dynamics of the red supergiant wind alone on ionization and heating in the subsequent blue supergiant phase naturally forms slender rings of high-density neutral gas. This gas was reionized by the burst of 10 57 ionizing photons from the supernova explosion and now shows its delicate structure in recombination light.
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